Fluoroacetic acid, often referred to as fluoroacetate, is one of the most toxic substances known. Its sodium salt, Compound 1080 (sodium monofluoroacetate), is widely used in many countries for controlling vertebrate pests (e.g. feral pigs, Sus scrofa; foxes, Vulpes vulpes; coyotes, Canis latrans; dingoes, Canis familiaris dingo; rabbits, Oryctolagus cuniculus; and many species of rodents).
Fluoroacetate was first synthesized in 1896 and its toxicity to insects was recognised in the 1920's when it was patented as a moth-proofing agent. Its potential as a vertebrate pesticide was recognised in the 1940's, and it was first used as a rodenticide in the USA in 1945 (Kalmbach 1945 ). In the early 1950's, 1080 was introduced into Australia to control rabbits, 0. cuniculus (Meldrum and Bignell 1957) . It is now used in Australia to control a variety of vertebrate pests (McIlroy 1981a ).
Many years after 1080 was first synthesized, its toxic principle, fluoroacetate, was found to occur naturally in five genera of plants. Three of these genera occur only in Australia and where this vegetation occurs, native animals have developed varying degrees of tolerance to this potent toxin (Oliver et al. 1979 , King et al. 1981 , Twigg et al. 1986 , Twigg and King 1989 . Here we review the culmination of approximately 15 yr of research into the role of fluoroacetatebearing vegetation in plant animal interactions in Australia. orine compounds were known. Since then, several other species of Dichapetalum have also been shown to produce fluoroacetate (Vickery et al. 1973, Vickery and Vickery 1975) . Fluoroacetate has also been isolated from Palicourea marcgravii, a South American species known to be poisonous (de Oliviera 1963) .
In Australia, fluoroacetate has been identified as the toxic principle of thirty-five plant species from three genera of Leguminosae (Fig. 1 ). These plants occur on a variety of soil types but not on deep sandy soils or soils which are calcareous in origin (Aplin 1971) . Their abundance in a region varies, but in some areas a single species can constitute 80% of the understorey vegetation.
Thirty-three of the Australian species which produce fluoroacetate belong to the genera Gastrolobium or Oxylobium and are confined to the south west corner of Western Australia (Fig. 1) . Some of these species contain more fluoroacetate than any other fluoroacetateproducing plant known. Air dried leaves of G. bilobum (Heart-leaf poison) and 0. parviflorum (Box poison), for example, can contain up to 2600 mg of fluoroacetate kg-' (Aplin 1971) and their seeds (e.g. G. bilobum) can have in excess of 6500 mg of fluoroacetate kg-' (R. Mead pers. comm.) . Those species occurring in northern Australia (Fig. 1) are less toxic. Air dried leaves of Acacia georginae (Gidyea) can contain up to 25 mg of fluoroacetate kg-' (Oelrichs and McEwan 1961, 1962) while those of G. grandiflorum (Wall-flower poison) have up to 185 mg kg-' (McEwan 1964) .
However, the fluoroacetate-content of these plants displays both regional and seasonal variation. Fluoroacetate concentration also varies considerably within different parts of the plants, with ephemeral tissues such as flowers, seeds and young leaves containing the greatest concentrations. This is consistent with chemically mediated defence strategies which utilise poisonous compounds (Cates and Rhoades 1977) , as the plants are protecting those parts most essential to them.
Significant economic losses of domestic livestock
have occurred following the ingestion of fluoroacetatebearing vegetation both in Africa (Peters et al. 1965 , Nwude et al. 1977 and Australia (Bell et al. 1955 , Aplin 1971 . The poisonous nature of Gastrolobium species in Western Australia was recognised as early as 1839 and fears were held that this might discourage settlement of the colony (Cameron 1977) . Species of Oxylobium also occur in New South Wales and Victoria, but none has been demonstrated to contain fluoroacetate, and there have been no reports implicating them in the poisoning of domestic livestock.
Trace amounts of fluoroacetate or fluorocitrate have been found in a variety of other plants (Lovelace et al. 1968 , Peters 1972 , Peters and Shorthouse 1972 nen and Kauranen 1984) but such plants are often associated with soils that have artificially elevated fluoride levels. The ability of plants to produce fluoroacetate appears to be relatively widespread, but in most species, this is usually in insignificant quantities. Table 1 . The sensitivities to fluoroacetate (mg 1080 kg -') of native and introduced Australian animals; (a) which coexist with, or have had past exposure to, fluoroacetate-bearing vegetation; (b) with possible exposure to fluoroacetate-bearing vegetation; and (c) animal populations from outside the known distribution of the toxic plants. LD50's are from References 1-17 and our unpublished data. A = precise LD50-* = more than one population with differing degrees of exposure tested. In = indigenous to Western Australia; He = herbivore; Om = omnivore; Ca = carnivore ride, so plants which produce fluoroacetate must actively concentrate fluoride in their tissues. This results in a metabolic cost to the plant (Peters 1972) . While there have been attempts to elucidate the mechanisms involved in fluoroacetate synthesis (Mead and Segal 1972 , Peters 1972 , Vickery and Vickery 1975 , the me- 
Mode of action
Fluoroacetate is highly toxic to a wide range of animals by all the common routes of administration. Most unadapted mammals are fatally poisoned by less than 2 mg kg-' (Atzert 1971) . Birds are generally the least sensitive of endothermic vertebrates and ectotherms are relatively insensitive to fluoroacetate (Table 1; Chenoweth 1949 , Atzert 1971 , McIlroy et al. 1985 .
Fluoroacetate is converted within the animal to fluorocitrate (Peters and Wakelin 1953) which competitively inhibits the tricarboxylic acid (TCA) cycle enzyme, aconitate hydratase [EC 4.2.1.3] and blocks the TCA cycle at the citrate stage (Morrison and Peters 1954) .
This results in accumulation of citrate in the tissues and plasma, energy deprivation, and death (Peters 1957 , Buffa et al. 1973 , Twigg 1986 ). Synthesis of fluorocitrate occurs in the mitochondria and the fluorocitrate formed inhibits mitochondrial aconitate hydratase but does not appear to affect the cytoplasmic isozyme in vivo (Buffa et al. 1973) . There is evidence to suggest that fluorocitrate may inhibit citrate transport into and out of mitochondria (Kirsten et al. 1978) , and fluorocitrate may also have an inhibitory effect on succinate dehydrogenase [EC 1.3.99 .1] in intact rat mitochondria (Fanshier et al. 1964) . The high levels of citrate concentration occasioned during fluoroacetate intoxication can also have an inhibitory effect on the glycolytic enzyme, phosphofructokinase [EC 2.7.1.111 (Peters 1972) .
The actual cause of death from fluoroacetate poisoning is not fully known. Accumulation of citrate results in changes in cellular cation concentration which can cause ion imbalance within cells (Buffa et al. 1973) . The resulting ionic and osmotic modifications together with the decline in ATP concentration may be sufficient to induce death. Energy, and ionic, dependent transport mechanisms can also be affected (Buffa et al. 1973 ).
There is a latent period between the time fluoroacetate is ingested and when signs of poisoning first appear (30 min to 3 h in endotherms), which presumably is the time required for fluoroacetate to be absorbed, to penetrate cells, be converted into fluorocitrate, and then to disrupt cellular processes. Death generally occurs in 24
to 48 h but can occur later. A more detailed account of the toxicology and metabolism of fluoroacetate is given by Buffa et al. (1973) and Peters (1952 Peters ( , 1972 .
Detoxification and excretion
Detoxification of fluoroacetate by defluorination is known to occur in plants (Preuss and Weinstein 1969, Ward and Huskisson 1972) , bacteria (Kelly 1965 , Kirk and Goldman 1970 , Bong et al. 1979 ) and a variety of animals (Gal et al. 1961 , Smith et al. 1977 , King et al. 1978 , Mead et al. 1979 , Twigg et al. 1986 , Twigg et al. 1988a . For example, in moist soils in New Zealand, Japan and England, where the toxin does not occur naturally, several species of bacteria (Pseudomonas and Nocardia), fungi and algae degrade fluoroacetate (1080) by defluorination (Kelly 1965 , Batcheler 1978 , Bong et al. 1979 . Pseudomonas, Nocardia and Fusarium are found in Australian soils and also defluorinate fluoroacetate (Wong unpubl.).
In rats (Rattus sp.) administered sodium fluoroacetate-2-'4C, nearly 32% of the label was excreted in the urine within 1-2 d of dosing (Gal et al. 1961) . About 3% of the label was found in fluorocitrate and some of the label was incorporated in other fatty acids. In mammals (Mead et al. 1979 ) and birds (Twigg et al. 1988a ), defluorination occurs mainly in the liver via a glutathionedependent mechanism which is apparently catalysed by a unique glutathione-S-transferase (Soiefer and Kostyniak 1984) . Defluorination appears to be a ubiquitous detoxification mechanism (Atzert 1971 , Twigg et al. 1986 (Fig. 1) .
Within a genus, there is a positive relationship between the dose of 1080 given and the levels of citrate subsequently accumulated in the plasma ( Fig. 2; Oliver et al. 1979 , Twigg 1986 , Twigg and King 1989 Determining sensitivity using changes in plasma citrate concentration in response to dosing has several advantages over conventional LD50 determinations; 1)
considerably less animals need to be killed as individuals can be reused after allowing a 4-8 wk recovery period (Twigg 1986 , Twigg and King 1989 , 2) it allows better determination of the heterogeneity in the response of a population (Fig. 3) , and 3) rare species can be tested as animals are able to be reused. As with ALD's (Calver et al. 1989a) , the sensitivity of individuals, using changes in plasma citrate concentration, can be determined with as few as three to four individuals.
However, as the degree to which citrate accumulates in tissues and plasma is dependent upon metabolic rate and body size, comparisons can only be made between species of similar size and phylogenetic affinity. For this reason, and to enable comparison of the sensitivities of unrelated species, LD50 values were also estimated during the plasma citrate elevation trials. To establish if these estimates were indeed valid, the sensitivity to 1080 of several species including reptiles, birds and mammals, were determined using both precise and estimated LD50 values. In all instances, the estimated LD5( was always well within the 95% confidence limits of the precise LD50 (Table 2) . For example, the precise LDS(, for the parrot Barnardius zonarius is 11.46 mg 1080 kg-' (95% C.I.: 9.60-13.67) and the estimated LD() was 12.50 mg kg-' (Fig. 2 ).
Our precise LD50's were determined using the mortality of individuals (not reused) at different doses which increased geometrically, and were calculated using the moving average method of Thompson (1947) . The sen- most pronounced in those species indigenous to Western Australia (Table 1) .
However, the degree to which the tolerance has developed within a species or population also depends upon the length of time they have been exposed to the toxic vegetation, the level of specificity in both their diet and habitat preferences, the size of their home range, and the degree of mobility exhibited by each species. In insects, for example, those species which specialize in feeding on eucalypts (Eucalyptus spp. -which do not produce fluoroacetate), are approximately 40 to 150 times more sensitive to the toxin than are species that include fluoroacetate-bearing vegetation in their diet (Table 3) .
Herbivores/granivores
Because of the high concentration of fluoroacetate in the seeds of the plants which produce fluoroacetate, seed-eating animals are likely to have had the greatest exposure to the toxin. Of the seed-eating birds in Australia (and elsewhere), the emu Dromaius novaehollandiae, which is the oldest seed-eating bird genus in Australia (Rich and Van Tets 1984) , has by far the greatest tolerance to fluoroacetate (LD50 102-200 mg 1080 kg-'; Twigg et al. 1988a ) of any bird species studied (Table 1) .
Other seed-eating birds, with past or present exposure to the toxic vegetation (LD50's range 12.5-75 mg 1080 kg-l; Table 1 ), are also more tolerant to fluoroacetate than are introduced species, or unadapted species in eastern Australia (Table 1 ). The LD50's for other Australian birds outside the range of the toxic vegetation, or whose diets do not include seeds, range from 0.6 mg 1080 kg-' for Emblema temporalis (red-browed firetail) to 18.5 mg 1080 kg-' for Milvus migrans (forked-tailed kite) with a mean for all species studied of 7.9 ? 0.9 mg 1080 kg-', n = 22 (McIlroy 1984) .
The influence of endemism on the development of tolerance to fluoroacetate is illustrated by the sensitivities of the parrots, Platycercus icterotis and Purpureicephalus spurius, both of which are endemic to Western Australia. Relatively, the LD50 values of these parrots are considerably higher than that of any other species of Psittaciformes (Table 1) , and they also accumulated the lowest increases in plasma citrate concentration when administered 1080 (Twigg and King 1989) . Several species of Columbiformes are also relatively tolerant to fluoroacetate with LD50's of up to 40 mg 1080 kg-' (Table 1; Twigg and King 1989) . Here, the more sensitive unadapted species also accumulate significantly greater (p < 0.05) amounts of citrate in their plasma in response to dosing with 1080 (Fig. 4) .
The effect of the microhabitat on the selection for fluoroacetate-tolerance is probably best illustrated by comparing the sensitivity to fluoroacetate of various populations of Rattus fuscipes (Fig. 9) . Eastern Australian (Canberra, ACT) populations of this rat are not exposed to the toxic plants ( These data also support the suggestion that R. fuscipes radiated from eastern to western Australia (Oliver et al. 1979 , Mead et al. 1985a ).
Populations of other rodent species (Muridae) exposed to fluoroacetate-bearing vegetation also display varying degrees of tolerance to fluoroacetate (Table 1) .
Most rodents in Australia include some seeds in their diet (Watts and Aslin 1981, Strahan 1983) .
Within the macropods (kangaroos and wallabies), those species which are endemic to Western Australia, or whose distribution is confined to areas containing fluoroacetate-bearing vegetation (e.g. Bettongia penicillata), also possess the highest levels of fluoroacetatetolerance (Table 1 These data also suggest that: 1) the tolerance of the Western Australian populations of M. fuliginosus has not increased measurably over the last 10000 yr, and 2) the coevolutionary equilibrium between these kangaroos and the toxic plants has been stable in the recent past (Oliver et al. 1977 , Mead et al. 1985a ).
Another macropod, Setonix brachyurus (quokka), provides further insight into the pressures for selection of tolerance to fluoroacetate (Fig. 3) . Three S. brachyurus populations were studied; a mainland and an island (Bald Island) population which both coexist with the toxic plants, and a population from Rottnest Island which has been isolated from the adjacent mainland and the toxic vegetation for approximately 9500 yr (Fig. 1) .
The soils on Rottnest Island are unsuitable for fluoroacetate-bearing vegetation (Aplin 1971 ).
The Bald Island and mainland populations were identical in their tolerances to fluoroacetate (LD50's approx.
40 mg 1080 kg-'; Mead et al. 1985b ). However, the sensitivities of individuals from Rottnest Island displayed marked heterogeneity. The citrate response of some Rottnest Island animals was very similar to that of quokkas from the other two populations, while others were quite sensitive to the poison (Fig. 3) . The mainland immediately adjacent to Rottnest Island comprises a coastal sand plain, and as such, is unsuitable for the establishment of fluoroacetate-bearing vegetation (Aplin 1971 both the mainland and Bald Island populations have similar tolerances, there also appears to be an equilibrium which has been reached in the coevolutionary response of the toxic vegetation and the tolerance of these macropods (Mead et al. 1985b ).
Omnivores
Of the mammalian omnivores, bandicoots are the main species that have been studied (Twigg et al. 1990 Australia is the most sensitive bandicoot species (Fig. 5 , Table 1 ). Isoodon auratus on Barrow Island are not exposed to fluoroacetate-bearing vegetation, but the distribution of both the current and ancestral populations on the adjacent mainland include areas containing the toxic plants (Twigg et al. 1990 ).
Populations of the omnivorous skink, Tiliqua rugosa, which coexist with fluoroacetate-bearing vegetation, have exceptional tolerance to fluoroacetate (Table 1, Fig. 6 ). Individuals from populations with exposure to the toxic plants also accumulate significantly less (p < 0.05) citrate in their plasma in response to dosing (Fig.  6 ). Two populations with exposure to fluoroacetatebearing vegetation have been examined; one from a coastal area in south western Australia where sandy soils predominate, and which therefore has reduced exposure to the toxic vegetation, and another, inland population which coexists with at least three species of fluoroacetate-producing plants (Twigg and Mead 1990) .
For reasons already discussed with regard to S. brachyurus from Rottnest Island, the coastal T. rugosa population, although 2.5-fold higher in tolerance than unadapted conspecifics, is considerably less tolerant than skinks from the inland population whose habitat includes the three fluoroacetate-producing plant species (Table 1, Fig. 6 ). The latter individuals are also more homogeneous in their response (Fig. 6) .
Carnivores
While carnivores which coexist with fluoroacetate-bearing vegetation are, relatively, the least tolerant of adapted species, they are considerably less sensitive to fluoroacetate than are unadapted carnivores outside the range of the toxic plants (Atzert 1971 , Twigg 1986 . This toxicity differential is clearly demonstrated for the carnivorous/scavenger species of monitor lizard, Varanus rosenbergi, where the Western Australian conspecifics are around 6-fold more tolerant to fluoroacetate than their counterparts from eastern Australia (Table 1, Fig. 7) . Like herbivorous and omnivorous species, unadapted carnivores sensitive to fluoroacetate also accumulate significantly greater (p < 0.05) concentrations of plasma citrate when administered 1080 (Figs 7, 8 ).
The dasyurid, Phascogale calura, is endemic to the south west of Western Australia and has the highest tolerance of the carnivorous marsupials ( (Kitchener 1981) . Its close association with fluoroacetate-bearing vegetation appears to have resulted in the relatively high tolerance being acquired through ingestion of insects (Kitchener 1981) which feed on the toxic plants. Caterpillars very similar to Ochrogaster lunifer (Table 3) have been identified in its diet (Kitchener 1981) . This association may also afford protection to P. calura from introduced predators in modern times.
Dasyurids are carnivorous marsupials, and to a varying degree, all species rely on insects as food items (Strahan 1983) . The toxicity differentials between those dasyurids with exposure to fluoroacetate bearing vegetation can be explained by their habitat and diet preferences. For example, the diets of Dasyurus geoffroii and Dasyurus hallucatus are more varied than those of Antechinus flavipes and P. calura (Strahan 1983) . The former three species also exhibit less habitat specialisation, and their distribution can include areas where fluoroacetate-bearing plants are infrequent or absent (King et al. 1989 ). Thus, the selection pressure for the development of tolerance to fluoroacetate acting on these species appears to be less than that acting on P. calura. The high levels of tolerance to fluoroacetate exhibited by those carnivores which coexist with the toxic plants indicates that a secondary tolerance has evolved in insectivorous/carnivorous animals in Western Australia. It also clearly illustrates the degree to which fluoroacetate, or its metabolites, persists in the food chain.
Innate tolerance to fluoroacetate
Many species of amphibians, reptiles and unadapted bandicoots and dasyurids possess an innate tolerance to fluoroacetate which is independent of any prior exposure to the naturally occurring toxin (Chenoweth 1949 , Atzert 1971 , Twigg 1986 ; Table 1 ). This innate tolerance is probably the result of differing metabolic rates between different phylogenetic groups. The skink, T. rugosa, for example, has a metabolic rate 10-fold less than that of a similar sized Rattus norvegicus (Twigg et al. 1986 ). Furthermore, it is now accepted that the basal metabolic rates of both dasyurids and bandicoots (Metatheria), are considerably lower than those of equivalent sized eutherians (MacMillen and Nelson 1969) . A lower metabolic rate results in fluoroacetate being converted into fluorocitrate more slowly and hence allows greater time for its excretion and detoxification by defluorination (Mead et al. 1979 , Twigg 1986 ).
Retention of tolerance
Several populations of a variety of species have retained a high tolerance to fluoroacetate even though they have been isolated from the selection pressure for 6000 to 10000 yr (Table 4 ). This implies that this trait carries no selective disadvantage. The rate of its loss in these populations will be influenced by the degree of homozygosity attained by each ancestral population during their exposure to the selection pressure. Its loss will also depend upon the duration of the isolation period. Retention of tolerance by these populations clearly demonstrates the impact fluoroacetate-bearing vegetation has had on the genetic composition of Australian fauna.
Dietary studies
Information on the diets of animals in areas containing fluoroacetate-bearing vegetation is limited as researchers have rarely examined specifically for the inclusion of the toxic plants. A further complicating factor is that present day food choices may not necessarily represent those available in the past. For example, seeds of introduced plants and domestic cultivars currently make a significant contribution to the diets of parrots in southwestern Western Australia (Long 1984) .
Insect larvae are known to feed on fluoroacetatebearing vegetation (Table 3; Twigg 1986 ). When collecting seed from the pods of fluoroacetate-producing plants, it was often found that the entire seed had been consumed by seed weevils (Bruchidae). The larvae of these weevils complete their development and pupate within a single pod (Twigg 1986 ). Furthermore, in areas containing fluoroacetate-bearing vegetation, the selection of seed preferences by seed harvesting ants does not appear to be influenced by the presence of fluoroacetate in the seed (Twigg et al. 1983 ). These ants selected seed on the basis of size rather than the presence or absence of fluoroacetate (Fig. 10) . Australia (Mead 1980 , Mead et al. 1985a ). Up to 25%
of the diet of these kangaroos consists of the toxic plants. More interesting, however, is that despite 1080 supposedly being odourless and tasteless (Atzert 1971) , these kangaroos appear to be able to discriminate between the highly toxic and less toxic plant species. They consume considerably less of those plants (eg. G. bilobum) with high concentrations of fluoroacetate ( Firstly, to illustrate the major metabolic changes evoked during fluoroacetate intoxication, changes in fluoroacetate, fluoride and citrate concentrations in the plasma, and reduced glutathione concentration in the liver, in response to administration of fluoroacetate to the skink, T. rugosa, are presented in Fig. 12 . After absorption, fluoroacetate is rapidly defluorinated by an enzymic glutathione-dependent mechanism which results in rapid elevation of plasma fluoride concentration accompanied by a rapid depletion of reduced glutathione in the liver (Twigg et al. 1986 ). Once glutathione levels are low, fluoroacetate is no longer effectively detoxified and the inhibition of aconitate hydratase and/or citrate transport in mitochondria increases. This increased inhibition is indicated by the elevated plasma citrate concentration, which is only evident after both plasma fluoride and liver glutathione levels become minimal ( Fig. 12 ; Twigg et al. 1986 ). Despite extensive defluorination, low levels of fluoroacetate remain present in the plasma of these skinks for at least 96 h and liver glutathione levels were depressed for up to 14 d ( Fig. 13; Twigg 1986 ). The ability of T. rugosa to defluorinate varying amounts of fluoroacetate, in vivo, is also given in Fig. 14. While the magnitude and time scale involved may vary, these metabolic changes are indicative of those which also occur in mammals (Mead et al. 1979 , Twigg et al. 1986 ) and birds (Twigg 1986 , Twigg et al. 1988a ) in response to administration of fluoroacetate.
When comparing the metabolism of fluoroacetate between ectothermic (e.g. T. rugosa) and endothermic (eg. R. norvegicus) animals and between those species with exceptional tolerance (eg. D. novaehollandiae, T. rugosa) and those that are relatively sensitive to the toxin (eg. B. zonarius, R. norvegicus), there are significant (p<0.05) differences in the metabolism of fluoroacetate (Table 5) . Fluoroacetate had greater effect in vitro on the TCA cycle of the sensitive species; their aconitate hydratase has greater sensitivity to fluorocitrate, and they may be less able to convert fluoroacetate to fluorocitrate. The sensitive species also have less ability to detoxify fluoroacetate by defluorination (Table 5). The toxicity differential between such species may be at least partially attributed to these metabolic differences. However, the effect of fluorocitrate on citrate transport is also an important consequence of fluoroacetate toxicity and its possible role in bringing about the toxicity differential should not be discounted. The effect of fluorocitrate on citrate transport in mitochondria is yet to be compared between sensitive and tolerant conspecifics (see "Some Paradoxes" below).
When comparing the metabolic effects of fluoroacetate in tolerant and sensitive conspecifics of both T. rugosa and T. vulpecula, there were no significant differences (p>0.05) in the metabolism of fluoroacetate (Table 5 ). Conspecifics of both species are similar in their abilities to convert fluoroacetate to fluorocitrate, sensitivities of aconitate hydratase to fluorocitrate, and capabilities to defluorinate fluoroacetate (Table 5) . This is despite a 4-and 150-fold difference in the sensitivity of the conspecifics of both species, respectively. The more sensitive conspecifics do, however, accumulate significantly (p < 0.05) greater amounts of plasma citrate in response to dosing than the more tolerant conspecifics (Mead et al. 1979, Twigg and ). This Twigg et al. (1986) and Twigg (1986) . During fluoroacetate poisoning it is possible that fluoroacetate, or the high concentration of some metabolites produced during intoxication, may differentially affect anaerobic metabolism of different species. This was examined in vitro using erythrocytes of T. rugosa and R. norvegicus (Twigg et al. 1986 ). Suspensions of washed erythrocytes were incubated with glucose in the presence and absence of fluoroacetate, citrate, and fluoride and the rate of conversion of glucose to lactate monitored ( (Table 6) . Thus, at levels approaching their LD50 for fluoroacetate, the production of energy from glycolysis, and more importantly, the amount of phosphoenol pyruvate available for generation of pyruvate for aerobic respiration, in mammals, also appears to be considerably reduced. In reptiles, a serious disruption of the TCA cycle would be expected to induce a greater reliance in anaerobic metabolism with a concomitant increase in lactic acid production. The mean blood lactate levels of T. rugosa (1.32 mM; SE = 0.18; n = 27) showed no significant (p>0.05) changes within 120 h in skinks administered from 0 to 800 mg 1080 kg-' (Twigg 1986 ).
Physiological
Given the high level of innate tolerance in those T. kg-l would need to ingest more than 280 mg of fluoroacetate in a relatively short period to succumb to the toxin (Twigg and Mead 1990 ). Provided these skinks were able to thermoregulate and did not become more prone to disease or predation, its discontiguous activity pattern (Satrawaha and Bull 1981) would enable sufficient time for ingested fluoroacetate to be detoxified by defluorination.
Selection pressure for tolerance to fluoroacetate is likely to be operating at a lower level than that indicated above; that is, it is unlikely to be a straight-forward mortality response. Chronic effects of fluoroacetate, such as long-term reduction in glutathione levels ( Fig.   13 ) and reduced fertility, may be an equally important selection pressure. Animals require adequate levels of glutathione for defluorination of fluoroacetate (Mead et al. 1979 , Twigg et al. 1988a (Mazzanti et al. 1965 , Sullivan et al. 1979 , Hornshaw et al. 1986 ) and birds (Balcomb et al. 1983 ).
Low levels of fluoroacetate (12.5% of LD50) administered either as a single or multiple (over 15 d at 3 d intervals) dose causes a reduction in plasma testosterone concentration and may affect spermatogenesis in male T. rugosa (Twigg et al. 1988b) . Whether these skinks remained fertile could not be ascertained. A similar phenomenon has been observed in R. fuscipes where sublethal doses (23% of LD50 for each of 4 consecutive days) also caused a marked regression of the germinal epithelium in the testis (D. King and A. Oliver unpubl.) . Relatively, reproductive tissues have high energy demands and thus require an adequate supply of ATP. They are also very low in glutathione concentration and hence would have little protection against fluoroacetate intoxication. Consequently, in some animal populations, like those of T. rugosa, it appears that the main selection pressure for tolerance to fluoroacetate has resulted from selection against depressed fertility (fecundity) rather than for avoidance of the acute effects of the toxin.
Is fluoroacetate-tolerance unique to Australian animals?
There is a very limited amount of information on the sensitivity to fluoroacetate of animals indigenous to the other continents where plants produce significant amounts of fluoroacetate.
In South West Africa, the LD50 values for two species of antelopes (Taurotragus oryx and Trageluphus strepsiceros) which coexist with toxic species of Dichapetalum are approximately 5-8 mg fluoroacetate kg-' (Basson et al. 1982) . Spider monkeys (Ateles geoffroyi) and Virginia opposums (Didelphis marsupialis), which often coexist with Palicourea marcgravii in South America, have LD50's of 15 mg (Chenoweth and Gilman 1946) and 60 mg 1080 kg-' (cited in Atzert 1971) respectively. These sensitivities are considerably less than those of most unadapted mammals (LD50's < 2 mg 1080 kg-'; Atzert 1971) . Thus, it appears that tolerance to fluoroacetate has evolved on all three continents where some native plants contain significant amounts of the toxin.
Some paradoxes 1) As mentioned previously, the degree to which fluoroacetate-tolerance has developed in some animal populations (eg. T. rugosa, D. novaehollandiae) appears unnecessarily high to be protecting them solely from the acute effects (mortality) of the toxin. However, it should be remembered that LD50 determinations are an anthropomorphic evaluation of the sensitivities of animals to toxins, and as such, may not necessarily reflect the level of evolutionary selection pressure for a particular trait. Selection pressures are therefore likely to be operating at a level below that suggested by LD5,, determinations. Furthermore, animals are not able to "consciously" regulate their evolutionary response to phytotoxins; that is, selection for tolerance to toxins is a "'passive" process dependent upon the characteristics of a particular genome, its degree of homozygosity, and its plasticity or ability to undergo evolutionary change.
When considering fluoroacetate toxicity, the chronic effects of fluoroacetate on animals have been largely ignored to date. However, we believe that both the chronic and acute effects of fluoroacetate are equally important factors in the selection for the development of tolerance to fluoroacetate. For example, depletion of liver glutathione may predispose animals to liver damage from other metabolites or toxins, which in turn, may result in increased incidence of disease or predation. Animals may also lose their ability to thermoregulate. In some instances (eg. T. rugosa), it appears that selection pressure for fluoroacetate-tolerance is acting on the fecundity of individuals. Supporting evidence for this is that reproductive tissues have high energy de-mands but possess very low levels of glutathione to protect their aconitate hydratase from fluorocitrate.
Animals must be able to, at least, partially overcome the toxic effects of fluoroacetate and produce sufficient numbers of viable gametes to enable reproductive success. Thus, like many others (Culvenor 1970 , Leopold et al. 1976 , Harborne 1977 , Labov 1977 , Swain 1977 we also argue that the effects of many plant toxins or secondary compounds are often subtle in their action rather than direct.
2) Reduced glutathione plays a significant role during fluoroacetate intoxication, being involved both in the defluorination mechanism and in providing partial protection to aconitate hydratase from the effects of fluorocitrate (Mead et al. 1979 , Mead et al. 1985c , Twigg et al. 1986 , Twigg 1986 ). The concentration of reduced glutathione in erythrocytes of various species of Australian marsupials has been determined (Agar and Stephens 1975) . There is no correlation between erythrocyte glutathione concentration and the sensitivity to fluoroacetate of these marsupials. It should be remembered, however, that the liver is the organ with the greatest amount of glutathione, and it is also the main site for defluorination of fluoroacetate. However, despite there being only limited information, the concentration of reduced glutathione in the liver appears similar in tolerant and sensitive animals, but endothermic species (c. 900 Atmol per 100 g wet wt of liver; Mead 1980 , Twigg et al. 1988a ) have approximately 2-fold greater amounts than that found in the ectotherm, T. rugosa (Twigg et al. 1986 ).
3) There were no obvious differences in the metabolism of fluoroacetate by conspecifics with a considerable toxicity differential between populations with and without exposure to fluoroacetate-bearing vegetation. If inhibition of aconitate hydratase by fluorocitrate is the cause of this toxicity differential, it is difficult to interpret the differences in citrate accumulation between the tolerant and sensitive conspecifics. The competitive nature of the inhibition should ensure that toxicity is diminished as citrate accumulates. This does not appear to happen in vivo. However, it is likely that other metabolic effects of fluoroacetate are involved in bringing about the toxicity differential. For example, fluorocitrate can inhibit succinate deydrogenase [EC 1.3.99.11 (Fanshier et al. 1964 ) and this enzyme may be less sensitive to fluorocitrate in tolerant individuals. The effects of fluorocitrate on the mitochondrial citrate transport system could also vary between sensitive and tolerant individuals.
Inhibition by fluorocitrate of citrate transport into and out of mitochondria was recently suggested as an additional mode of toxic action for fluorocitrate (Kun et al. 1977 , Kirsten et al. 1978 . However, transport of isocitrate from mitochondria, and cytoplasmic aconitate hydratase (Buffa et al. 1973) , are unaffected by fluorocitrate. The concentration of fluorocitrate (0.1 FtM) in the mitochondria of lethally poisoned rats (R. norvegicus -very sensitive to fluoroacetate) is less than their Ki for aconitate hydratase (Table 5 ), but this concentration is sufficient to inhibit citrate transport enzymes in the mitochondrial membrane of these rats (Kun et al. 1977 , Kirsten et al. 1978 ).
In the tolerant Australian animals, mitochondrial citrate transport may only be minimally affected by fluorocitrate, which would allow unrestricted distribution of citrate. This, together with a reduced inhibition of aconitate hydratase by fluorocitrate, could account for the differences in the accumulation of plasma citrate between tolerant and sensitive animals. The citrate transport system in sensitive animals may be inhibited by fluorocitrate resulting in accumulation of citrate in the mitochondrion. This citrate would ultimately be converted to isocitrate by aconitate hydratase. Isocitrate could then readily exit the mitochondria via its own transport system, and be reconverted to citrate in the cytoplasm by the cytoplasmic aconitate hydratase. The citrate thus formed could not re-enter the mitochondria due to the inhibition of the citrate transport system, and would be redistributed to the plasma.
However, these proposals are speculative because: 1) the concentration of fluorocitrate in the mitochondria of lethally poisoned Australian animals is not known. Sensitive Australian species may metabolise greater concentrations of fluorocitrate in the mitochondria than has been reported for R. norvegicus, and 2) the effect of fluorocitrate on the mitochondrial citrate transport system, and on succinate dehydrogenase, has not been studied in Australian animals.
Fluoroacetate-tolerance and Australian fauna management
Clearly, the tolerance to fluoroacetate (1080) possessed by many Australian animals, which results in a marked toxicity differential between target animals (mostly introduced species) and non-target species (Table 1) , considerably increases the target specificity of 1080 poison. However, it is not only the sensitivity of non-target species which determines the potential hazard to them during 1080 baiting programs. Equally important in evaluating primary and secondary poisoning hazards to non-target species is their body size relative to the target-species, whether they are exposed to the toxic baits, and if so, whether the baits are palatable, and the timing of baiting programs. For example, because of the possible effects of 1080 on fecundity, baiting programs are best avoided during the breeding season of some dasyurids where total post-mating male dieoff occurs (eg. P. calura; King et al. 1989) . Nevertheless, tolerance to fluoroacetate does enhance target specificity during many 1080 baiting programs and this is discussed more fully in King et al. 1981 , 1989 , Twigg 1986 61:3 (1991) 427
1989a, b, King 1989 , Twigg and King 1989 and Twigg et al. 1990 .
In parts of Western Australia, some of the more rare species of mammals (eg. B. penicillata, Myrmecobius fasciatus) are being successfully reintroduced into areas of their former range (Johnson et al. 1989 , Friend 1990 ). As these areas can contain fluoroacetate-bearing vegetation, knowledge of their sensitivity to fluoroacetate, and its likely effects upon them, is essential for successful introductions. Reduction of fox (V. vulpes) numbers is an integral part of the management of many native species as fox predation can have a devastating effect on small native animal populations (Christensen 1980 , Kinnear et al. 1988 , King et al.1989 . This is most often achieved by 1080-baiting (Kinnear et al. 1988 , Calver et al. 1989b , King 1989 ). itate hydratase is similarly inhibited by fluorocitrate, and they have similar capabilities to detoxify fluoroacetate by defluorination. In contrast, however, the exceptional tolerance of the skink, T. rugosa, and the emu, D. novaehollandiae, is at least in part due to a greater capacity to defluorinate fluoroacetate. In vitro, the ability of these species to convert fluoroacetate into fluorocitrate, and the inhibition of their aconitate hydratase, is much less than that which occurs in most other animals.
Summary
Fluoroacetate can cause a reduction in animal fertility, and in levels of reduced glutathione in the liver.
Thus, it is argued that both the acute and chronic effects of fluoroacetate poisoning are equally important selection pressures for the development of tolerance to fluoroacetate. Dietary studies indicate that animals are able to discern fluoroacetate, and discriminate between the highly toxic and less toxic plant species, consuming less of the former.
The development of tolerance to fluoroacetate (1080) by native Australian animals enhances the target-specificity of 1080 poison which is used in vertebrate pest control programs directed against those pest species which are introduced to Australia. Baiting with 1080 also plays an important role in protecting our native fauna from the effects of predation and competition from introduced predators and herbivores.
Tolerance to fluoroacetate is present in insects, reptiles, mammals and birds and is in the order of herbivores > omnivores > carnivores. Those species indigenous to Western Australia have the greatest level of tolerance, and presently, a coevolutionary equilibrium appears to have developed between the toxic plants and their predators. The development of tolerance to fluoroacetate by animals has evolved on at least three continents where indigenous plants are known to produce fluoroacetate which acts as a chemically mediated defence strategy against herbivory.
